Classically, the grain size of soil and sediment samples is determined by the sieve method for the coarse fractions and by the pipette method, based on the 'Stokes' sedimentation rates, for the fine fractions. Results from the two methods are compared with results from laser diffraction size analysis, which is based on the forward scattering of monochromatic coherent light. From a point of view of laboratory efficiency, the laser sizing technique is far superior. Accuracy and reproducibility are shown by measurements on certified materials. It appears that laser grain size measurements of certified materials correspond very well with the certificated measurements. Tests were also done on a set of randomly selected sediments of fluvial, aeolian and lacustrine origin. Except for the (<2 pm) clay fraction, there is a coarsening of the mean diameter of one to two size classes (0.25 q ) , caused by the non-sphericity of the particles. The platy form of the clay particles induces considerable differences (eight size classes) between pipette and laser measurements: the <2 pm grain size, defined by the pipette method corresponds with a grain size of 8 pm defined by the Laser Particle Sizer for the studied sediments. Using a higher grain size level for the clay fraction, when laser analysis is applied, enables workers in the geological and environmental field to compare classical pipette analysis with a laser sizing technique.
INTRODUCTION
This article presents the results of a study which compares laser analysis with pipette and sieve analysis. The clay fractions (<Z pm, <16 pm) are classically analysed with the standard pipette procedure NEN 5753l (1990) . These are the fractions of the mineral parts of carbonate and humus-free sediments or soils. The standard procedure NEN 5753 is prescribed for environmental work and is recommended for research work. The sand fractions pm) are classically analysed with a set of sieves. Size classes of 0-25 9 are usual. Other methods used are particle counters, for instance the electrical sensing method of 'Coulter Counter' or instrumental sedimentation devices like the 'Sedigraph', and the 'Laser Particle Sizer' based on forward light scattering.
DUTCH NORM: Soil: determination of particle size distribution by sieve and pipette.
, (> 1997 International Association of Sedimentologists The latter method is now widely used but with several different designs and based on different hardware and software principles.
Each technique defines the size of a particle in a different way and thus measures different properties of the same material. The pipette method defines a particle diameter as equivalent to that of a sphere settling in the same liquid with the same speed as the unknown sized particle, the so-called 'Stokes-diameter', The sphere is usually assigned to the density of quartz.
The sieve defines a particle diameter as the length of the side of a square hole through which the particle can just pass. A particle diameter found by a 'Laser Diffraction Spectrophotometer' is equivalent to a sphere that gives the same diffraction as the particle does. A 'Laser Diffraction spectrophotometer' sees the particle as a two-dimensional object and gives its grain size as a function of the cross-sectional area of that particle. Mostly, clay minerals are platy and their density varies between 2 and 3 g cm ~ ", depending on their hydration properties. In addition, fine quartz particles in the < 2 pm fraction can reach about 20%". Accordingly it is very difficult to measure the density of < 2 p m suspended particles.
The use of the pipette method is based on the following assumptions: a sedimentation speed is constant and not too fast. The particle Reynolds number must be smaller than one (Re, <l) .
b particles are spheres, solid and smooth.
c densities of the particles are equal to quartz, 2.65 g cm ~ '3. d no interactions occur between the particles or between the particles and the wall of the sedimentation vessel. e particles do not affect the viscosity of the liquid.
The results of sieve analysis are affected by the following factors: the method of calibration of the sieves, the shape of the particles, chemical and mechanical stability and uniformity in density and porosity.
When using a 'Laser Particle Sizer' the following assumptions are made: a the transformation of diffraction patterns to grain sizes is based on matrices, which are calculated for spheres. Thus the diffraction along the cross-sectional area of the particle (the dynamic 'projected area') is assigned to diffraction of spheres.
b orientation is assumed to be random, but often, measurements take place in a continuous flow of particles in which the particle may be orientated, with respect to its shape. c the Fraunhofer-theory for transformation of the diffraction pattern to grain size distribution (e.g. Born & Wolf, 1975) is applied also for the particles <15 pm, instead of the Mie-theory (e.g. Grehan & Gousebet, 1979; Wiscombe, 1980) . Matrices based on Fraunhofer are calculated from diffraction by the particles and differences in absorption and refraction indices have no effect on the calculated grain size distribution. According to our experience, Fraunhofer-theory is well suited for non-spherical clay particles. When we compare computations of measurements between the two theories in these low size ranges, the amount of material in the fine tail is relatively suppressed when Mie-theory is used. Hence the measured percentages depend upon the method of measurement, the theoretical basis for inversion, the actual inversion procedure M . Konert and J. Vandenberghe (Agrawal et al., 1991) , and upon the properties of the particles.
It can be argued that neither of the methods show 'true' results, but the methods are just measuring different properties of the same material. Considering the preceding remarks, tremendous differences between results of the methods may occur. Several authors (McCave et al., 1986; van Dongen, 1989; STOWA-report, 1992; Loizeau et al., 1994) argue that laser diffraction underestimates the amount of clay particles by 20-70% with respect to the clay content determined from pipette analysis. As discussed above, the particle shape is likely to be most significant in measuring the grain size. More particularly, the deviation from spheres has to be considered. As examples, some 'clay' particles have been examined by SEM-analysis. Figure 1A shows a SEM-photograph of a clay fraction of 1-2pm precipitated after 'Stokes'. It shows platy particles with a diameter up to 10 microns. Also, the density of the particles should be considered. As an example, Fig. 1 B shows an untreated lacustrine sample from the fill of the Bandung Basin in Java, Indonesia. Here we are not looking at mineral particles but at diatoms with unusual shapes and a density much lower than the supposed 2.65 g cm ~ ' .
PREVIOUS WORK
It is not our intention to give a complete overview of literature on the comparison of methods in grain size determinations. We mention work which is relevant only for the present study.
Van Dongen (1989) made a comprehensive comparison between the pipette method according to NEN 5753 and the laser diffraction method with the Malvern Master Sizer. Mie-theory was applied. Before measuring the samples with the Master Sizer, the samples were sieved over a 63 pm screen, making an extra step necessary to calculate the entire grain size distribution. For both methods the pre-treatment was equal and done after NEN 5753. Van Dongen found a correlation coefficient for sediment samples of 1-=0,85 (n = 68) for the relation: where Y is as before and X is the percentage <2 Km measured by pipette, and using the 63 mm lens, they found r=0. 75 (n=71) for the relation: Y=0-217X+ 1.125. According to these results, correlation of the grain size determinations obtained by the two lenses of this instrument is very poor. Moreover, the percentages d -9 pm measured by this laser equipment are very different from the pipette results. Agrawal et al. (1991) concluded that inconsistent results observed by different lenses imply algorithmic problems. To avoid such problems, it is better to use only deconvolution methods, which consider the complete forward scattering pattern as completely as possible. Austin and Shaw (1983) developed a method for the conversion of the results from laser analysis to equivalent sieve size distributions. The use of another conversion model between laser results and dry-sieving results was recommended by Shillabeer et al. (1992) . The latter authors found that differences between the two methods are too large, masking possible changes in particle size distributions when the results have to be compared. Shillabeer et al. (1992) present 32 conversion factors for eight sediment types. For mathematical reasons their comparisons between the two methods are limited to four divisions of the Wentworth scale <500 pm.
The influence of particle shape on grain size analysis is often hypothetical. Jonasz (1991) argues that the projected area of a non-spherical particle averaged over the particle orientation is larger than that of a sphere with equal volume. If this is true, it will lead to coarser results by applying the laser method instead of sieves. Syvitski et al. (1991) conclude that particle size instruments should no longer have their results compared with those of the classical methods of sieving and pipetting, because digital systems are far superior.
METHODS
In this study the FRITSCH 'Laser Particle Sizer' A22' is used. The manufacturers claim a working range of 0.16-1250 pm. All particles give diffraction in all directions. Thus, light scattered by particles outside the measured range affects the results over that measured range. Therefore, laser analyses are only valid when the whole particle distribution is considered in the matrix solution. The A22 therefore combines the range of 0.16-1250pm out of two measurements with focal lengths of 9 and 474mm, respectively, in the same suspension. The suspension is pumped through a sample cell placed in the convergent laser beam and the forward scattered light falls on the 31 photosensitive sensor rings. The particle size distributions from the diffraction patterns measured by the laser are calculated using the Chahine inversion scheme (Chahine, 1970; Santer & Herman, 1983) . For the calculations of narrowly distributed populations, like sieve fractions or mono-sized samples, a special version is used with disabling of the noise filter. Just like Loizeau et al. (1994) we used degassed water (deionized). In our experience unstable backgrounds and precipitation of air bubbles on the particles were noticed if degassed water was not used.
For characterizing the 'Laser Particle Sizer' certified reference material, recommended by a A22: A(na1ysette)ZZ is a trade mark of Fritsch GmbH, Idar Oberstein, Germany. (A) SEM-photograph of the clay fraction 1-2 pm of sample 25822; precipitates with the pipette method. The platy particle in the centre has a maximum diameter of about 10 pm. (B) SEM-photograph of an untreated lacustrine sample from the Bandung Basin in West Java, Indonesia, core 11, depth 18 m (Dam, 1994) . Determinations of the clay content (12 pm) yields 72.9% from the pipette method and 21.7% from the laser method. (C) SEM-photograph of BCR 66, fraction < 2 pm; precipitates with the pipette method. (D) SEM-photograph of BCR 70, fraction < 2 pm; precipitates with the pipette method. (E) SEM-photograph of sample GR1720, prepared as sample 25822 (see A). At the lower left corner a platy particle occurs with a maximum diameter of the flat side of about 6.2 pni. At the middle of this picture, two particles are orientated on their side, the left one has a thickness of about 0.39 pm. (F) SEM-photograph of sample GR1720. The platy particle at the right side shows a thickness of about 0.36 pm.
commission of the European Communities, was used. The material, BCR samples (BCRinformation, 1980; 1985) , consists of ground quartz powder and natural quartz sand originating from a quarry in Germany. The two methods used for certification are the pipette gravitational sedimentation method and sieving. They are fully described in the BCR information reports (1980; 1985) . This makes these samples very appropriate for this study. Quartz particles are not platy (see Fig. lC,D) and the density is known. Therefore, a better similarity for the clay fraction between the pipette method and the laser method may be expected. To test the instrument for the fine range, BCR 66 and BCR 70 samples were measured. For the coarse range the test samples BCR 68 and BCR 130 were used. From each BCR sample 10 independently taken subsamples (+lOOmg of BCR's 66, 70 and & 5 g of BCR's 68,130) were boiled in 100 mL deionized water with 0.3 gram Na,P,O,~lOH,O. The background was measured each time before sample input to ensure independence.
A randomly selected set of field samples was used to consider the correlation between the pipette fraction of < 2 pm with the 'Laser Particle Sizer'. The samples are from different parts of The Netherlands (Limburg, Brabant and Twente) and taken from cores and from exposures. The fine sediments are of fluvial and lacustrine origin, while the sandy samples are mostly of aeolian origin. Finally 158 samples were selected with their clay content <2 pm, measured by the pipette method. The selection was made over the whole analytical range from 0 to 80% clay in the whole sample. For each class of clay (5% range), 10 samples were chosen with the restriction of not more than two samples from the same site anci origin in the same class. To illustrate that the problem of underestimation of the clay fraction may be caused by the platy particles of the clay minerals, the pipette fraction of <16 pm was also considered. Both fractions (<2 pm and <16 pm) were measured twice to get duplicates.
To understand the deviations between the sieve method and the laser method several experiments were carried out. First, the sieve fractions of a broadly distributed sample were compared with the sieve fractions of glass spheres. These glass spheres were sieved through the same set of sieves. Secondly, from the same 158 samples, as used above, 42 sandy samples were sieved in classes of 0-25 p from 53 to 2000 pm. These 42 samples were used to compare the mean diameter, the mean square deviation (MSD) and the skewness over that particular range. Thirdly, six closely related samples, in terms of origin and grain size, were measured by the two methods. These samples were from an aeolian sand deposit covering a Berlling peat from the Mariahout section in the southern Netherlands described by Bohncke (1993) .
Different pre-treatment of samples has been reported in publications, or pre-treatment has not been mentioned [Shillabeer et ~l . , 1992) . We are convinced that an inadequate pre-treatment will affect grain size measurements enormously. Moreover, to compare the results of the two methods used here, the organic matter and carbonates were removed as described in NEN 5 7 3 5 . The weight of carbonate-and organic matter-free sediment was determined before analysis. A brief description of the pre-treatment is given in Appendix A and a description of the sieve and pipette analysis is given in Appendix B. The pre-treatment for the laser analysis (Appendix C) is basically the same as that for pipette analysis, but with some steps simplified. The amount of material needed for laser analysis depends on the grain size characteristics, typically 100-200 mg for fine samples and 5-10 g for sandy samples.
RESULTS

Laser measurements of certified BCR samples
The grain size distributions of the BCR samples obtained by our laser measurements are compared with the certified values in Fig. 2 The calibrations of the sieves used for the BCR samples, 68 and 130, were performed using the countinglweighing procedure described in Appendix 1 of the certification report (BCR-information, 1980) . Briefly, this involved the counting and weighing of about 1 0 mg of particles just passing the sieve. Then an equivalent volume diameter of the sieve is calculated. Because of the imperfect sphericity of the particles, the diameters derived in this way are larger than the original diameter of the sieve. This explains the small deviations of the mean diameter between the laser measurements and the certified data of the two BCR samples.
Sieve and laser measurements
Laser and sieve analysis of the test series of 42 sand samples chosen from the set of 158 field diff mean= -0 . 2 7~ f 0.10 (n=42) diflMSD= +0.14p If 0.08 (n=42).
It means that the laser measurements are somewhat coarser and more broadly divided than the sieve analyses. Because our stack of sieves was not calibrated, the diff mean of the 42 sand samples is larger then the values obtained with the BCR samples.
The differences between laser and sieve measurements have a methodological origin. As outlined in the introduction, different properties are measured in both methods. More particularly, the shape or sphericity of the particles is of prime importance. To evaluate the importance of these factors, the following test was done. Through a set of sieves, with intervals of 0.25 q~ from 63 pm to 1000 ,urn, one poorly sorted field sand sample was sieved. The sand grains of this sample are not spherical or well rounded. The collected fractions were measured by the Laser Particle Sizer. Through the same stack of sieves a population of randomly sized glass spheres was sieved and measured in the same way. The laser measurements of three sieved fractions of sand grains and glass spheres are given as an example in Fig. 3 . The MSDs and the differences for the mean diameter between the theoretical middle of the sieve fractions and measurements of the two series are presented in Fig. 4 . The sieving results show clearly that the sand appears coarser than the glass spheres. The mean diameters of the glass sphere fractions measured by the laser remain inside the boundaries of the sieve sizes ( -0.125 v, and +0.125 9). Also, all the MSDs of the sand fractions show larger values than those of the glass spheres. The differences between the laser and the sieve analyses are interpreted as being caused by different sphericity or shape. This effect is exemplified by the aeolian section at Mariahout, which has been sampled in detail to identify possible variations in grain size. The differences between the mean diameters and the MSDs from laser and sieve analyses are comparable (Table 2) . A t the top of the section (80-100 cm) the deviations are larger than those at the bottom (140-160cm). This holds both for the mean diameter and the mean square deviation. According to the test described above the 'finer' sieve analyses are due to the deviation from spherical grain form. To test this relationship for the Mariahout section, c. 300 particles of each sediment sample were measured by the IBAS image analysis system3. Measurements were made in a two-dimensional view for the fraction 125-212pm (3-2.25 y ) of the three top samples and for the fraction 90-150 pm (3.5-2.75 y ) of the three samples at the bottom of the section. Two parameters, FSHAPE and FCIRCLE (IBAS User's Manual, 1991) were considered ( Table 3) . The first parameter, the FSHAPE, is the aspect ratio of the particle, defined as
where DMAX is the longest diameter of a particle obtained by selecting the largest diameter from 32 different directions while DMIN is defined similarly as the shortest diameter (i.e. at an angular resolution of 5.7 degrees). The second parameter, FCIRCLE is the circularity shape factor of the particle, defined as
4.II.AREA FCiR CLE
where AREA is the area of the two-dimensional orientated particle and PERiM is the particle perimeter. The values of FCIRCLE range between close to 0 , for very elongated or rough objects, and 1 for circular objects. From Table 3 it follows that, in the Mariahout section the parameter FCIRCLE at the top of the section differs significantly (t-test) from that at the bottom. It follows that the upper part is not only coarser but also contains more elongated particles than the lower part. This corresponds with a larger difference between the laser and sieve mean diameter (diffmean) and a larger diff MSD. But, the F S H A P E outcomes show no significant differences. It means that the magnitude of the difference of the mean grain sizes between the two methods is related to the shape or sphericity of the sediment grains and may be used as such.
Pipette and laser measurements
For 158 sediment samples, the pipette fractions percentage < 2 pm and percentage <16 pm were determined in duplicate. The standard deviation IBAS analysis system is a trade mark of Kontron Elektronik GmbH, Germany. s of series of duplicate analyses with equal spread is derived by (3) where d is the difference between the duplicates and k is the number of samples with k degrees of freedom. The standard deviation of the <2 pm fraction is: s=1.2 (n=158), while the standard deviation of the <16 pm fraction is: s=1.5 (n = 158). Because the general relationship between the pipette and laser data is sought, a regression analysis was applied, although the Reduced Major Axis Method (RMA) could be used also. The variables examined are the laser cumulative percentages Y and the pipette percentage X . The equation of the regression lines is Y=aX+b (4) To estimate the degree of interrelation between the pipette and the laser analysis the correlation coefficient r is used. Ideally, a correlation coefficient r >0.95 should be obtained with a slope (a) of one and an intercept (b) of zero for the relation between X and Y. Figure 5A shows the correlation between the <2 pm clay fractions resulting from the two methods.
The correlation coefficients (r) and the slopes (a) for the relation between the pipette fraction <2 pm and the laser fractions from <1.0 to <31.3 pm (from <10 to <5 y ) , in steps of 0.25 q are shown in Fig. 5B . Inspection of Fig. 5B shows that the value of the laser measurements at 7 y (8 pm) gives the best slope (nearest to 1) with a correlation coefficient of 0.939. The correlation diagram between the laser fraction <8 pm and the pipette fraction < 2 pm is given in Fig. 5C .
A similar relation is sought for the <16 pm pipette fraction The diagrams are given in Figs  6A ,B,C which show the regression equations. The nearest slope to 1 is at 5.5 y , 22 pm (laser) related to <16 pm (pipette) (Fig. 6C) . In summary the pipette fraction < 2 pm compares the best with laser analysis at <8 pm. This is a shift of 2 y , The pipette fraction <16 pm compares best at <22 pm by laser, a shift of 0.5 y.
DISCUSSION AND CONCLUSIONS
Two prerequisites have to be fulfilled for any grain size analysis by laser diffraction. (1) The whole grain size range has to be considered in order to avoid any distortion from smaller and larger particles. (2) The sediment must not flocculate. In this study carbonate and humus were removed.
The comparison between laser and sieve size measurements of glass spheres gives information about the precision of the laser method in relation to sieves and is very good. The measurements on the four BCR quartz samples demonstrate a very good and reproducible agreement between the laser and classical methods. Generally, laser analysis on sediments >63 pm (sands) gives slightly coarser results of 0.25-0.5 v, as compared to sieve analysis. The difference is caused by the non-spherical form of natural sand particles. The laser analysis gives a 'mean diarneter' of the particles, while the sieve analysis provides a measure of the width of the particle (b-axis). Thus, variations in deviation between laser and sieve analysis depend on particle form and, inversely, have the potential to give an estimate of the sphericity of the particles.
r=0.957 (n=158)
For the two fine BCR-samples the laser and pipette method show fairly corresponding results in the clay range. This is caused by the fact that the <2 pm fraction of the BCR-samples consists of blocky, and certainly not platy quartz particles. On the contrary, clay minerals give strikingly different results depending on the kind of technique applied. This is mainly due to the form of the clay minerals. Clay particles with a 'Stokes' diameter of about 2 pm can have a length (diameter) of 10 pm with a thickness of about 0.4pm, measured by the Scanning Electron Microscope (Fig. lA,E,F) . The volume equivalent sphere has a diameter of about 3.9 pm. To avoid confusion, caused by the effect of grain shape in relation to the instrumental analysis, it is recommended to read the clay fraction not at 2 prn when Laser Particle Sizers are used. Ideally for each group of sediments the exact correlation between the <2 prn of the pipette analysis and the laser analysis should be established as in Fig. 5A ,B. For a large set of Quaternary fluvial and aeolian samples in the Netherlands, the 8 pm of the laser is a good average corresponding with the 2 pm of the classical pipette analysis (as measured by the Fritsch A22 Laser Particle Sizer, applying Fraunhofer theory). In addition to the particle form, the mineral densities also affect pipette size determinations. The <16 pm fraction shows a much smaller shift to larger diameters, because in the size classes around 16 pm, typically platy clay minerals are practically absent.
It may be stated that laser particle size determination will always differ from sieve and pipette analysis when particle forms deviate from the sphere form and particle density is heterogeneous. However, knowledge of the properties of the measurement technique and the physical properties of the material allow comparison and use of data from different methods.
Our conclusions are supported by the theory of Stokes settling velocities. Lerman et al. (1974) have tabulated the expressions for settling velocity of particles of varied shape in the Stokes (viscous) range. For spheres, in terms of particle radius, the settling velocity Us is (5) where r, is the radius of the sphere, g is the acceleration due to gravity, y, is the particle density, p is the density of the medium, and 11 is viscosity. For a disc of radius a and thickness h, settling broadside, the settling velocity U, is where re is the radius of the volume equivalent sphere. In terms of a sphere volume equal to the disc volume, the radii a and re are related through
Substituting of (7) into (6) Disperse the samples by adding 50 mL, 0.120 M Na,P,07-10H,0, fill to 400 mL with deionized water and boil for 5 min. Decant the samples quantitatively into cylinders of one litre with a diameter of 6 cm. Cool to 20°C.
APPENDIX B
A brief description of measuring the pipette and sieve fractions: 0 Stir the suspension intensively. After exactly 15 min of settling a sample of 20 mL from a depth of 20.8 cm is taken with a clay-pipette designed after Kohn. This is the fraction <16ym. For the fraction < 2 ym the settling time is 16 h at 20.8 cm. Dry and weigh the fractions. Correct the weight for the Na,P,O,~lOH,O addition before calculating the percentages.
0
After analysing the pipette fractions ( < 2 , <16 pm and normally also the <22, <32, and <44 pm fractions) the remaining suspension is wet sieved over a 53 pm screen and the fraction >53 ym is dried at 105°C.
For further analysis use a set of sieves between 63 and 2000 pm, divided into ranges O f 0.25 p.
APPENDIX C
A description of the pre-treatment for laser analysis:
0
Oxidation is carried out with aliquots of 10 mL of 30% H,O,.
Boiling with 10% HC1 is normally done with 5 mL in a 100mL suspension. If there is a violent reaction, more acid must be added. Normally 1-2 aliquots were needed for the samples used in this study.
Rinse the walls of the beakers carefully to avoid loss of material during the next operations.
One decantation of the dissolved salts is enough for a sufficient dilution of the dissolved cations. Also the amount of Na,P,O7~10Hz0 need not be precise because the correction for weight is not necessary. A standard spatula is used to add about 0.3 g of the dispersant. After cooling, the samples can be measured by a Laser Particle Sizer. Single measurements were made in this study.
